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Abstract

The present work aims at identifying Nb-Ta-, Zr-Hf-, REE-, Th-U-bearing two-mica granite from
geological, geophysical cross-sections and mineral chemistry studies from three boreholes at G. El
Sela shear zone. Microscopically, the three boreholes are composed mainly of two-mica granite.
They are composed of K-feldspar, plagioclase, quartz, biotite and muscovite. Accessories are pyrite,
zircon, fluorite, rutile, monazite with Th-U-mineralization identified by scanning electron micro-
scope (SEM) and electron probe-microanalyses (EPMA). Chlorite, muscovite, sericite, kaolinite are
secondary minerals. Geochemically, two-mica granite boreholes are A-type granites and peralu-
minous characteristics. They are enriched in large ion lithophile elements (LILE; Ba, Rb and Sr),
high field strength elements (Y, Zr and Nb), and LREE but depleted in HREE with negative Eu ano-
maly. U-enrichment associated with chloritization, muscovitization, albitization, sericitization, ka-
olinization and argillization results from convective hydrothermal circulation of fluids through
brittle structures along the ENE-WSW main shear zone. The ratios Nb/Ta (7.7 - 17.7) and Zr/Hf
(16.9 - 26.4) are relatively enriched in the lighter isovalents Ta and Hf. The accessory minerals ob-
served in the two-mica granites are represented by metallic sulfides (pyrite, arsenopyrite, chalco-
pyrite, galena and sphalerite), Nb-rutile, Hf-zircon, fluorite, monazite, columbite, betafite, thorite,
phosphothorite, uranothorite, brannerite, uraninite, coffinite and pitchblende at G. El Sela shear
zone. Uraninite with a low Th content indicates a hydrothermal origin of U-mineralization, Thorite,
uranothorite, monazite and zircon is the main uranium bearing minerals of magmatic origin with-
in the enclosing granite. The primary U-mineralization has been observed in two boreholes. In
order to illustrate the geophysical signature of El Sela U-mineralization, the radiometric, magnetic,
and VLF-EM data as well as radon concentration are included. The magnetic, electrical conductivi-
ty and radiometric profiles were produced from detailed ground surveys. The shear zone is cha-
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racterized by relatively weak levels for both K and eTh, but very high eU anomalies (<3500 ppm),
Therefore, the Sela shear zone acts as a good trap for U-mineralization. The Sela Shear zone coin-
cides with positive conductivity anomalies, which are the most prominent features on the respec-
tive profiles. The magnetic field over the Sela shear zone is also conspicuous by the sharp contrast
which makes with the strong negative signatures of the altered microgranite. The radon distribu-
tion map showed the presence of seven high anomalies that are mostly controlled by the struc-
tures due to the easy movement of radon through them.
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1. Introduction

Uranium ore ighe indispensable raw material for nuclear fuel preparatiorisacutrently heavily prospected.
Unlike the majority of metals, the metallogeny of uranium is specificdilaracterized by an extreme diversity
of deposits that are directly related to the various conditions under Whieposits formed in geological énv
ronmentg1]. More than 150@ranium deposits are identified in the UDEPO data base of the AIE
(http://www.iaea.org/OurWork/ST/NE/NEFW/Technical eas/NFC/infcisUDEPO.htm) and 16 major deposit
types are distinguishdal the International Atomic Energy Ageni&j.

Generally, granitic rocks are one of the most favourablerboks for Umineralization in many parts of the
world. Genetically, the economic uranium deposits assettigith granites are mostly located in analectic melts
or in strongly peraluminous twamica granite$3]-[5]. In general, the granites are rich in incompatible elements
(Rb, Nb, Sn, Th, and U}] [7]. The genetic relationship between granite intrusions asocated thineralk
zationhas been daissed for a long tim&ackground uranium concentrations at the scale of the granit:pl
crystallize at the magmatic to late magmatic stage as accessory s{@ecaln, monazite, allanite, uranothorite,
uraninite - -).They represent thgrimary source of uranium for many deposits and their enrichrasgiy reach
es economic grades except in some highly fractionated perallgadiniges or anatectic pegmato[@$. The for
mation of an economic uranium concentration generally requires the remaiilipatihe uranium from these
primary sources followed by deposition in tectonic structuréfs mgher grades.

Most Egyptian uranium occurrencesgranite rocks of G. Um Arg] [10], G. Gattarf11] G. Missikat[12]
and G. Erediyal3] [14] are associated with metaluminous to slightly peralumsrgranite. Uranium mineial
zation in these granites belongs to the agpe except G. Gattar and G. Um Ara, wherenleralization le-
longs to the fracturélling type. The marginal parts of all these granitic intrusions aregaly more radioa
tive than their central parts in relation witte development of different types of alteratiohjah include sili¢
fication, episyenitization, albitization, fluoritizati, ferruginization, sericitization, chloritization,Xanitization
and illitization.

El Sela twemica uraniferous peraluminogsanite[15]-[18] is locaed in the soutleastern part of Egypteb
tweenlatitudes22°1626" - 22°1838'N and longitudes 36333' - 36'1626'E.

2. Geologic Setting

El Sela granitic plutoris composed of twmnica (muscovitebiotite) granite intrusions trending ENESW
(Figure 1). It is jointed in different directions, and defines low to moderate reliefs. Thistgra injected by
microgranite, dolerite and bostondées, and quartz and jasperoid veins. They are mostly injected along ENE
WSW and/or NNWSSE to NS directions which represent the most importartbtéc trends for U anomalies in
the study areePegmatite pockets are found as irregular bodies imtiga granite They are very coarse grain
ed, buff to reddish pink colors, highly sheaesd composed of #eldspar, quartz, plagioclase, biotite with-mu
scovite.They show slightly higher total radioactivity thewo-mica granite.

A microgranite dike hostthe most radioactive anomaligsthe study area. It is injected into ttveo-mica
granite along akENE-WSW shear zonwith dip of about 75 to south. It is whitish pink, pale pink, reddish pink

to pale grey colors and is 3 to 20 m thick.
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Figure 1. Detailed geological map of the main shear zone at G. El Selssateh,E D, Egypt (aftgr.6]).

It is also essentially composed of quartzfeldspar, plagioclase, biotite and muscovite. It iSobred with
mineralizedwith uranophanand pyrite cubed=erruginationsilicification, albitization, episyenitization, fluier
tization and illitization are different alterations miginccurring with the ENBNSW shear zoné&Some of these
alterationsare possibly related to U remobilization, but ptaliganot all. To be discussed in detail later.

Dolerite dikes are greyish green to dark geelors fine- to mediumgrained and range in thickness from 0.5
to 6 m. They are injected into the twtica graite along ENEWSW, NNW-SSE and NS directions with dip of
about 75 to soutlirhey are mainly composed pfagioclase, olivine and pyroxen&ccessories are apatite and
opaque minerals while chlorite, sericite and calcite are alteration min€nggloleries have higher idontens
which mayreach up to 3500 ppm eU and 75 ppm eTh. They are highly altered toinkrgisiand cavities are
filled with pyrite cubes and/or secondary uranium minerals (uranophaneuturdte). Many open cutdave
been made to regnizethe importance of the U mineralization within the micrograniig @olerite dikesMany
semtindustrial technologicgbrocedures for the leaching and recovery of the U incorporated within tlese m
ralized dikes have been performed.

Along the main BIE-WSW shear zone three generations of quartz veins with diffestarsdave been ide
tified. The milky quartz veimccurs at the shear marginsthge oldest one, highly brecciated, barren, and range
in thickness from 1 to 4 m. The milky quartz vein is crosscut byybumger generations of quartz with obvious
displacement. Red and grey to black jasper veins are commonly parallel to theosieeand the older milky
guartz vein and are mineralized. They are strongly jointegnfeated, brecciated ancea.5 to 1 m thickgon-
tainmacroscopically visible pyrite and uranophaiéhin the ENEWSW shear zone, the quartz veins brecciate
the microgranite and dolerite dikes. Some other quartz veins are trendiMgS$E and NS. Bostonite dikes
invade twemicagranite along NS and NNESSW structures. They are usually figained, pale brown to deep
red colors, fractured, jointed, sheeted, and range in thickness from2rB.tdhey are essentially composed of
K-feldspar, plagioclase, little quartz and iron oxidesirset finely crystalline groundmass off&ldspar mico-
lites. They have ktontents from 4.1 to 25.4 ppm eU.

The Sela shear zone is clearly evideniteth its rugged topography by a sharp increase in the eU values as
well as from amarked decreasd the K and eTh values. These characteristics result from multiple magmat
tectonic and hydrothermal activities, confined to a wide elongated dahawerage 20 m in width and 1.5 km
[19]. The relatively narrow and elongated shape of the Sela shear zone maymetityds consistent with the
steep dip of the magnetizetiear zone. This should be related to the nature of the intruding dykestmather
from the mineralization. The prominence of this anomaly can be agtiliatthe strong contrast between the
magnetic susceptibilities of the Sela shear zone, and the surroundingc gokis. The northern contaceb
tween the ganitic body and the wadi sediments is characterized byoagated low magnetic gradient, trending
in the ENEWSW direction, parallel to the main shear zone indicate the mesém major basement fa{#].

The main zone of strong conductivity has been separated into parts of higludespliesulting in an obvious
exploration target. This zone is found on a broader discrete area, egtendr a distance about 1500 m and
subjected to northeast displacements, due to dedagstem of NNW lefiateral strikeslip faults[21].
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3. Methodology

Solid state nuclear tt& detectors (SSNTDs) have been recognized by IAEA as a standard rogtestma-
tion of radon, thoron and their daughter products in the environment. The detbatoare commonly used in
environmental monitoring are generally made from cellulosetaitflaR-115) and polycarbonates (€39).
These Track Etch cups are placed in shallow holes §8xm) and left undisturbed for one month to acaum
late the tracks produced by the radon soil emanations. Track Etch deteetoesponsive to the alpha radiation
from radon (RR222) which originates from radium (R226) in the uranium (£238) decay chain as well as to
thoron (RR220) which originates ém radium (R&224) in the thorium (T4232) decay chainThe track density

is converted to radon concentration in the environment. The radon concentraticalaulated through thelfo
lowing equation[22]: C=D/k-t. Where; C is the radon concentration (BahnD is the track density
(track/cn?), k is the calibration factor artds the exposure time (d).

Track Etch detectors are responsive to the alpha radiation from rad@22Rwhich originates from radium
(Ra&226) in the uranium (k238) decay chain as well as to Thoron {&®0) which originates from radium
(Ra&224) in the thorium (T+232) decay chainThus, if significant amounts of thorium are present in the area
that is being explored, it can produce an unwanted thorium related sigeal looking for uranium. In the
present work the cups which have been used have been produced by ALGADHEs@ lesplid-state nuclear
track detector type Kodak LR115R films. They have a water tight polgetyinembrane to avoid water-e
trances and which is used also as a thoron filter. This membrane decreamotipassage of throne into the
cup (because of itdert halflife) bu allows radon to pass into the cup. The radon coratemntrin the cup is not
reduced significanthpy this kind of filter.

The ground geophysical studies get information about the subsurface catidigwof the shear structures
controling uranium mineralized zones. In studied area, Track Etch survey (60foupaiion gas were placed
in shallow bore holes (3065 cm deep) and undisturbed left for 1.5 month to accumulate the reading-pr
duced by the varying radon soil activities.

The ground gammeay spectrometric measurements were conducted using a Geophysica®266 spe-
trometer having a 0.35 L sodium iodide (Nal) thallium activated detectbthélground magnetic and VLF
measurements were collected using the Scintrex proton magnetometéM\dntf IH-. The data were generally
recorded of 20 m spacing intenadbng each of the two studied profiles.

Twenty samples were selected from the host rocksntiea granite of three drill cores from the El Sela shear
zone. Minerals werénvestigated in thin polished and thick douplgished sections using optical microscope
and scanning electron microscope (Hitactig®0, SCMEM, Henri Poincaré University, France). Minevadse
analysed by electron microprobe (CAMECA SX 100, SCMEM,Henincaré University, France) at 10 nA and
at 20 kV, counting time 10 s for peak and 5 s for background. Natural altiteclase, wollastonite, hematite,
olivine and monazite were used as standards for Al (Ka), Si (Ka), Ca (Ka), Fe (Ka), Mg (Ka) and Yb (L), re-
spectively; synthetic V, ZrQ PbCrQ, UO,, MnTiOz, ThO,, MnTiO3, YPQ,, CePQ, NdPQ, SmPQ, DyRuGe,,
EuRuGe, GdTiGe and ErNBi, were used as standards for V (Ka), Zr (La), Pb (Ma), U (M), Ti (Ka), Th
(Ma), Mn (Ka), Y (La), Ce (La), Nd (La), Sm (La), Dy (La), Eu (La), Gd (La), Er (La), respectively. After
agate mortar crushing, the rocks were analysed byAlE® and ICPMS (SARM, CRPG, Nancy, France) for 11
major and 44 trace elements.

4. Petrography of Boreholes

The three boreholes are cpased mainly of twamica granite. It isvhitish to pale pink, buff, reddish brown
medium to coarsegrained, highly fractured and jointeldlicroscopically, it is composed essentially offédd-
spar, quartz, plagioclase, biotite and muscovite. MonagitéepZircon, galena, sphlerite, Nhtile, columbite,
titanite, apatite, fluorite and uraninite aecessorieswhile sericite, chlorite, muscovite, epidote and katdi
are alteratiomminerals.

K-feldspar is represented by orthoclase microperthitecdtirs as subhedral to ankeldprismatic crystals
showing simple twinning and compressed patsiiyng and flame perthitic intergrowths-igure 2(a)). It en-
closes fine plagioclase, quartz, biotibelusions and can be highly altered into kaolinieg(re 2(b)). Quartz
occurs as interstitial subhedral to anhedral crystadhoivs wavy and undulose extinction. Some smalkdrai
crystals poikilitically occur in perthite, plagioclaseddniotite. Plagioclase of albite and oligoclase commsit
(Ang.15) Ooccurs as subhedral to euhedral tabular crystals. Biatiters as subhedral flakes, which are commonly
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altered to ferrichlorite (pennite) and/or muscovite althregcrystal margins and cleavage pRfegure 2(c)). It
is corroded by Kreldspar and quartz its margins. Muscovite occurs as minor irregular fimedium grained
flakes of seldom primary and generadlgcondary originKigure 2(d)). The overgrowths on the primary masc
vite grains tend to replace adjacenfdfdspars and quartz grains. The secondangcoviteis formed after lm-
tite and contained elongated irGtanium inclusions along its cleavage.

Zircons occur as metamictpned,mostly euhedral crystals with prismatic a shape and hipiglie termira-
tions, associated with quartz, perthite, plagioclase and opaguesd 2(e)). Nb-rutile occurs as crystal of pale
brown color enclosed in feldspafsigure 2(f)). Opague mineralsccur as cubic crystals, small irregular aggre
gates or scattered grains as well as tiny inclusions titebend quartz. Uraninite filled miciivactures in ka-
lintized and sericitized feldspars and generallyounded by pyrite cubesigure 2(g), Figure 2(h)).

Figure 2. Photomicrographs for El Sela shear zagmanites: ) String and patchy
perthites. (b) Feldspagdtered to kaoliniteand sericite with opaquerlosed zircon(c)
Biotite crystals highly altered to ferrichlorite (pennite) and muscofd)eMuscoviteflake
corrodingadjacent plagioclasendpoikilitically encloses opaques and quafg). Zircon
crystals show zonatioanclosed in pyrite (opaqu€}) Nb-rutile has elongated shagg),
(h) Uraninite filled microfractures with pyrite in kaolinized and sericitizédsfears.
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5. Geochemistry

The geochemical data have been used to determine the characteristarstes gnclosing the Sela shear zone
and their uranium fertility. The uranium fertility of theagites depends essentially on the level of their t-bac
groundconcentration and the leachbility of the uranium bearing accessory minerals. Peraluminous;khig
and low Na and Ca contents and presence ohtiea are also good indicators of thefditility of granite rocks.
Under certain conditions of alteration, thigh-calcalkaline (HKCA) granite can form uranium ore but gene
ally with lesser tonage than the peraluminous leucogranités

5.1. Major Elements

El Sela twemica granites have highiO,, Al,O;, N&O and KO contents with the fadlwing averag contents
76.5 wt%, 12.95 witto, 3.9 wt.% and 4.3 wt.%, respectively. They are ptsar inFe,0;, CaO,MnO and MgO
with average concentrations @73 wt%, 0.53 wt%, 0.04 wt.% and 0.17 v@t, respectivelylable 1.

Table 1. Chemicalanalyses of the samples from the booéesof the El Sela twanica granite.

S. No. W1-1 W1-2 W1-3 W1-4 W1-5 W1-6 W1-7 W1-8 W2-1 W2-2 W2-3 W2-4 W2-5 W2-6 W2-7 W2-8 W2-9 W3-1 W3-2 W3-3

depthm 20 24 35 53 55 59 62 63 1 4 10 17 26 35 37 42 44 12 30 43
Major oxides (wt.%)
SiO, 76.2 76.3 77.7 74.6 769 76.2 769 76 77.4 76.8 76.7 768 78 775 76.8 748 76.8 755 77 747
TiO, 0.13 0.13 0.13 0.10 0.12 0.10 0.09 0.13 0.10 0.10 0.10 0.14 0.10 0.14 0.12 0.16 0.14 0.13 0.13 0.09
Al,0; 13.3 13.3 125 12.6 12.8 13.7 12.7 13 129 133 132 13 126 12.3 13.1 13.1 12.8 12.7 125 13.7
FeO; 07 09 09 12 05 06 09 09 06 05 06 09 07 08 07 06 06 08 07 05
MnO 0.05 0.06 0.04 0.10 0.02 0.03 0.08 0.06 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.03 0.09 0.08 0.06
MgO 0.12 0.22 0.15 0.12 0.07 0.11 0.12 0.16 0.10 0.09 0.10 0.19 0.23 0.25 0.17 0.35 0.38 0.20 0.16 0.12
CaO 05 03 02 P9 02 04 04 08 04 04 04 05 03 03 04 1 04 21 07 07
NaeO 44 38 4 41 41 45 42 43 4 44 41 4 32 3 41 28 26 41 43 43
K20 41 42 37 42 42 45 43 43 46 45 48 43 4 42 44 42 44 4 38 5
POs 01 01 01 O o 01 01 01 01 01 01 02 01 01 01 02 02 01 01 01
IL 08 15 09 16 1 1 11 11 07 07 07 1 19 2 11 31 28 14 12 0.9
Total 100 101 100 100 100 101 101 101 101 101 101 101 101 101 101 100 101 100 101 100
Trace elements (ppm)
Be 54 44 49 84 32 54 74 76 31 35 28 42 29 41 52 34 35 78 85 87
Sc 49 51 52 68 39 51 67 77 34 26 26 41 23 38 41 38 36 84 7.7 62
Ti 16 16 16 12 15 13 12 16 13 12 13 18 12 17 15 2 17 16 16 1.2
Y, 97 87 91 58 63 56 44 58 52 51 35 82 36 79 66 82 68 82 67 55
Cr 622 132 95 100 62.7 89 70.3 789 80.2 50.3 62.7 93 93 88 92 782 83 778 95 69
Mn 08 08 06 14 02 04 11 09 01 01 01 02 02 01 04 03 04 13 11 08
Co 08 15 14 18 07 09 11 11 06 08 07 11 09 08 1 09 09 1 09 07
Zn 352 395 30 579 247 339 459 78 39.7 33 294 59 389 273 48.8 62.1 36.7 51.2 57.3 43.2
Ga 24 24 23 26 21 25 25 27 21 21 22 23 20 21 25 23 23 25 26 30
Ge 15 14 17 22 13 18 22 22 13 14 14 15 13 15 19 14 13 2 22 3

Rb  248.8275.5244.6 427 211 280 412 394 195 184 206 188 174 204 267 196 198 364 357 464
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Continued

Sr 151 121 107 79 101 72 72 100 55 103 47 99 62 110 89 116 96 91 110 87
Y 72 67 69 48 51 43 49 53 113 42 3 64 34 59 58 199 54 54 72 57
Zr 90.4 88.2 85.6 66.9 80.9 69.5 66.2 925 62.8 62.2 53.7 79.3 684 82 73 89 80 88 97 61
Nb 13.7 13.3 148 164 95 132 16 229 72 57 53 69 53 89 145 93 7.1 223 211 314
Mo 08 27 13 26 09 2 29 34 12 08 1 16 13 12 13 11 11 37 53 13
Sn 21 26 22 58 15 16 23 25 11 09 11 15 07 14 15 17 17 28 27 21
Cs 59 63 46 115 4 69 102 109 45 52 44 75 29 38 66 48 5 102 101 11.7
Ba 351 296 222 137 263 155 132 173 147 261 83 198 94 179 167 204 213 154 168 167
Hf 42 39 44 35 33 33 36 47 27 28 22 3 28 35 33 35 34 44 47 36
Ta 17 16 18 18 11 15 18 22 08 05 05 09 03 09 17 1 07 21 22 39
W 3.7 129 106 64 43 57 45 51 55 33 46 68 62 62 6 59 57 54 68 45
Pb 274 239 30.1 36.3 18.3 21.8 43 324 179 16.6 149 19 205 13.8 257 22 218 348 67 50
Th 18.3 18.1 16.3 225 17.3 199 232 29 21 13 23 17 24 18 18 20 16 28 29 19.6
U 6 78 81 15 41 95 18 33 58 32 34 47 39 44 91 75 39 15 23 25
REE (ppm)
La 147 151 129 13 125 134 148 21 17 134 17.4 16.3 124 19.8 157 229 17.8 185 20.1 14
Ce 29.2 29.3 278 18.6 209 183 22 29.5 277 21.8 25.2 25,5 20.3 26.6 25.1 39.5 30.4 26.6 279 20
Pr 29 28 24 15 21 2 18 22 3 22 23 25 19 32 24 38 29 21 21 16
Nd 106 95 81 46 74 65 58 6.7 104 78 75 88 6.3 115 85 132 102 65 65 4.9
Sm 17 15 13 07 12 09 09 1 17 13 09 14 09 18 14 25 17 09 1 038
Eu 03 02 02 01 02 02 01 02 03 02 02 03 02 03 02 03 03 02 02 02
Gd 13 11 1 06 09 06 07 07 12 09 07 1 07 12 11 2 1.2 0.7 08 0.6
Tb 02 02 02 01 01 01 01 01 02 01 01 02 01 02 02 04 02 01 01 01
Dy 09 09 09 05 07 06 05 06 18 06 05 1 05 09 08 32 09 06 09 07
Ho 02 02 02 01 01 01 01 01 04 01 01 02 01 02 02 07 02 01 02 02
Er 06 06 06 04 04 04 04 04 16 04 03 07 03 05 06 29 05 04 07 06
m 01 01 02 01 01 01 01 01 03 01 01 02 01 01 01 06 01 01 02 01
Yb 09 08 09 07 06 07 06 08 2% 05 04 12 05 07 09 § 06 08 13 13
Lu 01 01 02 02 01 01 01 02 04 01 01 02 01 01 02 08 01 02 02 03
Parameters and ratios
—-64 -39 -54 59 -46 -57 -56 -62 -38 -53 -37 46 -23 -13 46 -19 3 67 -70 -45
188 208 222 182 203 178 192 182 198 184 187 200 241 241 196 224 244 189 200 162

mw O T

9.0 128 110 118 64 78 98 113 75 6.6 75 121 114 130 10.1 245 150 116 100 7.3
A 13.8 38.1 30.2 6.7 22.2 13.4 3.0 =39 11.8 8.8 10.2 16.5 48.0 443 16.7 415 59.2 =76 05 =15
Th'U 31 23 20 15 42 21 13 09 36 41 68 36 62 41 20 27 41 19 13 08
Rb/sr 16 23 23 54 21 39 57 39 35 18 44 19 28 19 30 17 21 40 32 53
Nb/Ta 81 83 82 91 86 88 89 104 9 114 106 7.7 177 99 85 9.3 10.1 106 9.6 8.1
Zr/Hf 215 22.6 195 19.1 245 21.1 184 19.7 23.3 22.2 24.4 26.4 244 234 22.1 25.4 235 20.0 20.6 16.9
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The peraluminosity is calculated as the difference between the totahtaafdAl present in the rock and the
amount of Al bound to the feldspars: A = A(Na + K + 2Ca), calculated in cation$his index indicates the
excess or thdeficiency of Al with respect to the quantity needed to makéeldsparsThe granites have oo
positions varying from slightly metaluminous 6A-7) toperaluminous (A $2). The peraluminous compesi
tions correspond mineralogically to the presence ofiéth biotite and small amounts of muscovite. The four
most peraluminous samples {\&, 6, 8 and 9) present the lowest Na contents (3.2 to 2.6 wi@, Nestead of
more than 4 wt% for the other samples) and the highest ignition losses 8119wt instad of about 1 wt%
for the other samples).

These features indicate an argilic alteration of the ptd@se in these sampleEhe metaluminous samples
tend to have the highest Ca contents (0.7 to 1.1 wt% Ca®@pwia corresponding increase of the igmitioss
indicating the presence of Ca silicates and the absence ofiféicaigt carbonate contributiofrigure 3). Quartz
and feldspars are located at the origin in this diagram and represent thie eoteposition of the granite sy
tem. The differentiation parameter B = #&g + Ti, which also represents a coloration index of the rock. The
granite are leucocratic with low-Barameter values (B < 15).

The granites of the three drill holes tend to define threindt magmas batché@sthe AB and QP diagrams
(Figure 3 and Figure 4). The samples of drill hole W3 have all very low peralumigo®r very leucoratic
compositions in the A diagram and are among the richest in plagioclase for low ou@mtents in the @ d-
agram. Samples from W1 form a trend parallel to the one defined by tipdesdnom the W3 drilling with
higher average peraluminosity. Two samples have higher A parameter due titectdipa especially for W-R
(lower NaO content and higher ignition loss). In theRdiagram the samples define a fractionation trend with
simultaneous increase of quartz andelispar content. Sample \AALis slightly silicified. The W2 drill hole
hosts the 4 samples with the highest degresayfalteration as discussed above and well evidenced in-Bie A
and QP diagramsHKigure 3 andFigure 4). The other samples define a different than the two other drill holes
with a decrease of the A parameter (@QL0) with a decrease of the B parameter (13 to 4). These samples are
also the richest in ¥eldspar for similar quartz contents.

The compositions and the global trends defined in tiakhd QP diagram igure 3 andFigure 4) corres-
pond to highly fractionated hig calc-alkaline granites. Initially derived from metalumincasurces theyds
come slightly peraluminous by extreme fractionation ofriCl, Al-poor or absent minerals (amphiboles and or
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Figure 3. Variation of the peraluminous index (A) with fractionation
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Figure 4. Variation of the kfeldspar/albite(P parameter) versus
quartz contents (Q parameter) for ttweo-mica granite at El Sela
shear zoneQ-P mineralogicathemicaldiagram from[23] parane-
ters in thousands of cations.

pyroxenes), and possible assimilation of peraluminous crustal maberiad their ascent, and/or incipientealt
rationof the feldspars in Knicas or clay minerals.

5.2. Trace Elements

Thegranite$rom the El Sela shear zone a@mral to beemiched in most large ion lithophile elements (LILE,

Rb, Sr) and high field strength elements (HFSE; Y, Zr andMsble 1. Thebiotite + muscovite granités mad-
erately rch in Th (16 to 29 ppm) and U (3 to 33 pprfihe highest U values aobserved in borehole W1 and
W3. Sample WA at a depth of 63 m has the highest Th and U contents (29 gpdri3®spectivig) (Figure5)
Most samples of the W2 drilling tend to followsenultaneous enrichment in Th and U, with a Th/U ration of 4.
However the Th richest samples (M82and 5) are slightly depleted in uranium (Th#4). Sample 5 show a
clay alteration which may explain the U loss but not samples 3. Sample 7 tenenadieed in U (Th/U = 2).
Th samplesrbm drill hole W1 plot along a wetlefined trend with increasing Th and U and decreasing Th/U,
sample W18 being the richest in U and Thttva Th/U belowl indicates the possible presence of uraniitite.
trend seems to reflect magmatic fractionation. However, the three Th ackdestrsamples (W4, 7 and 8) are
the less fractionated in the-B diagram Figure 3). Thethree samples of drill hole W3 define hydrothermal U
enrichment trend with low Th/U (<2).

In the Nb versus Sn diagrariure 6) most samples from each drill hole form well defined groups waith i
creasing Sn an Nbontents from W2 to W1 and W3, although W3 is the less peraluminous group of samples
(Figure 3). Sample W14 is anomalously enriched in Sn relatively to Nb, whereas sample® &Md W33 are
anomalously enriched in Nb. All the enrichments remaingvewlimited (up to 32 ppm Nb and 6 ppm Sn).

In the diagram Zr versus Hf two groups of granites (one for naogples from W2 and another with thersa
ples from W1 and W3) are well defined with distinct Zrfidtios Figure 7). Granites from the drill hole W2
show the lowest Hf contents.

Nb and Ta are very well correlatedi@ure 8). They also define three granite groups corresponding to the
three drill holes with increasing Nb and Ta concentratiooms W2 to W1 and W3, as for the -8l correlation,
with a nearly constant Nb/Ta ratio of 10. However, the highesbiitents do not exceed 5 ppm.
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Figure 6. Nb-Sn relationships of the studied boreholes at G. El Sela shear
zone.

The concentrations of trace elements are normalized tprihmtive mantle[24] are represented as spider
diagrams [figure 9). The El Sela granites show enrichment of large ion litHepglements (LILE; Rb, Ba, Sr)
and high field strength elements (HFSE; Y, Zr, Nb) and a mariadkrate level of Ba, Ce and Ti in the three
boreholes which are typical of subduction related mad&ig<$26] (Figure 9).

5.3. Rare Earth Elements

The El Sela granite hasriable total REE contentd4 to 98 ppm in samples ¥ and W-8 respectively
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(Table 1). The chondritenormalized REE patterns enrichment strong fractionatiolight rare eartlelements
(LREE) (5.34 <(La/Sm), < 12.9) and flat to reversely fractionatbdavy rare earth elements (HREE) (4.6
(Ga/Yb)N < 58.3) (Figure 9 andFigure 10). The negative Eu anomalgbserved in the granites frometithree
Wi, W, and W5 drill hole. Two samples from YWpresent an enrichent in the heaviest REE and Y with a
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Figure 7. Hf (ppm)-Zr (ppm) relationship for the granites of the G. El

Sela shear zone, and show the reference Zr/Hf isovalent ratio of 17.6.
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Figure 8. Nb (ppm)- Ta (ppm) for the granites of tt@. El Sela shear
zone and show the reference Nb/iBavalent ratiocof 34.2
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stronglyreverse HREE fractionation, indicating the abundanceHREE-rich mineral, which may correspond
to xenotime. The negative Eu suggests that plagioclase wadafraaionating phase.

6. Mineral Chemistry

Scanning electron microscope (SEM) and elecimicroprobe analyses (EMPRere used to identify the nature
of the sulfides and Nba-, Zr-Hf-, REE, Th-, U-bearing minerals in the e the El Sela graritere 11) and
Table 2 to Table 4.

6.1. Sulfides

Pyrite, chalcopyrite, arsenopyrite, galena, and sphaleriter asalisseminations and fractiiéngs in minera-
lized smoky and red jasperoid veins, dolerite and microgranite dikes, Bl Bma graniteas illustrated Byo-
ure 11(a). Magnetite, hematite, illmenite, rutile and apatite also spatially associated with the sulfide nailse
Pyrite (Fe9) is the most common sulfide mineral whimtcurs as well developed octahedral crystals.

Pyrite is peserved in the samples from the drillings and seems to control the @epokiiraninite, branne
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Table 2. Electron microprobe analyses of,TNb-Ta-, Zr-Hf-, REEminerals from the El Sela granite

W3-3 W32 Wi1-7 W1-4 W2-5 W2-9 Wi, Wiy Wiz Wos Woe Wiz Wiz Wiz WI-7 W17 W33

S -C3 -C2 C104 C1-2 -C3 -C2 C41 C4p Cps -G Cp, C, -C4 -C -C62 -C63 -C3

depthm 43 30 62 53 26 44 53 53 62 26 44 43 43 43 62 62 43

oxides Beta-fite rutile Zircon REE”Ch. columbite
uranothorite

Sio, 1.56 0 05 056 073 46 304 266 324 29.1 323 295 277 288 19.0 11.4 0.09

P>Os 0.05 0 0 0 0 0 043 085 042 056 045 03 0.71 044 104 11 0
SO 0 0 0 0 0 0 0 0 0 0 001 O 0 0 0.16 0 0
CaO 2 0.34 0.18 0.29 0.04 0.2 0.85 148 0.1 044 002 06 121 068 7.81 7.7 0.14

TiO, 46.3 858 64.1 90.1 927 822 0.1 0.1 0 013 0 0 008 O 0.15 0.02 11
MnO 0.24 0.05 1.05 0.08 0.05 0.02 0.63 038 007 01 O 049 036 0.46 0.08 0.03 9.76
FeO 848 44 216 1.47 039 578 12 087 022 25 0.03 141 126 153 1.89 0.13 7.6
Y205 01 004 O 0 0O 003 O 089 O 0 0 0 044 O 111 1.58 0.84
Zr0O, 0.64 0.04 0.07 015 O 0.03 59.9 546 63.9 59.9 66.0 59.5 493 604 2.84 0 0.55

Nb,Os = 228 7.56 1.61 1.18 051 094 O 0 0 0 0 0 0 0 0.28 0.04 62.3

SnO 008 03 O 0 0 0 0 001 O 0 001 O 0 0 0 0 0.15
La;03 0 0 0 0 0 0 0 0 002 O 0 0 0 0.02 451 4.02 0
CeO; 015 026 0.2 028 027 027 0 004 O 0 001 O 0 0.08 7.74 7.3 0

NdO; 0.08 0 003 O 0 0 001 0213 002 0 012 0 0.15 0.07 224 2.16 0.03

Yb,O; 0.08 0 0 0 0 002 O 04 012 001 O 0.16 043 O 0.02 0 0.28
HfO, 055 122 09 1.23 133 1.27 224 3.09 168 149 126 22 109 1.7 0 0 0.1
Ta,0s 2.7 0.33 0.03 003 O 0.05 0.28 0.13 0.34 0.22 0.33 0.37 0.56 0.29 0 0 291
PbO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.11 0.02 0

ZnO n.d nd 0.02 006 O 0 0 0 0 0 0 nd nd nd 0 0 n.d

Al;0; n.d nd 026 043 024 13 021 056 003 01 O nd nd nd 752 0.66 n.d
ThO, 5.8 0O 006 003 0 0.04 004 054 003 06 0 027 068 122 259 422 0.2
uo, 1.57 0 027 121 001 O 1 157 0 079 017 133 224 161 13 1.19 0.75

Total 93" 100" 91 97 96 97 97 92 99 96 101 96 96 97 84 80 97

rite, pitchblende and coffinite at the margin of the crgstalthe El Sela shear zonethe cavities left after pyrite
dissolution are by uranophane and autunite because of the alteration ofittheupy primardJ minerals by
meteoric fluidg28].

Sulfides are more effective reductant because sulfur can act as reducing/lagrenone mole of pyrite can
reduce six more anium than F& [29].

6.2. Ti-, Nb-Ta-, Zr-Hf-, REE-Mineralization

Rutile, fluorite, zircon, monazite, LREEarbonates, columbite and betafiteve been also identified by SEM
and EMPA analyses.
Rutile is common mineral in most samples from the El Selaitgrdt occurs as angular to subangular, €lon
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Table 3. Electron microprobe analyses (EMPA) of-T-minerals from the El Sela granite

S No. Woo Wiz Wos Wos Wos Wog Wog Wiz Wiz Wis Wi, Wipo Wi, Wi, Wi Wi, Wss,
Cio -Ci2 -G -Cg C Cp Cpo Cu Cou C C C C C -C -C -G
depthm 44 62 26 26 26 44 44 62 62 43 30 30 30 30 30 30 30
oxides thorite phosphothorite uranothorite brannerite
Sio, 33.73 115 142 163 8.77 211 287 179 168 208 6.8 6.08 13.35 3.02 114 548 285
P,0s 148 151 15.11 4.84 10.28 8.68 10.61 0.47 0.28 1.85 0.14 0.03 0.29 0.18 0.61 0.22 0.07
SO, 0.07 0.08 0.34 0.05 0.21 0.34 0.08 0.07 008 0.05 776 O 0 0 0 0 0
CaO 1% 529 7.85 261 484 882 1295 152 173 263 242 3 342 319 151 469 175
TiO, 0.04 0.1 0 0 001 O 0 0 004 026229 313 172 314 416 227 628
MnO 007 002 O 005 001 0.03 001 001 O 009 019 0.72 0.13 035 0.07 0.69 0.34
FeO 312 067 057 059 06 055 049 0.11 0.06 1.18 7.25 207 0.78 248 217 09 0.99
Y203 02 122 088 197 3 153 124 077 006 223 0 123 15 0 144 O 0
ZrO, 06 145 007 O 0 169 2 0 026 116 272 137932 163 396 166 0.64
NbOs 019 009 O 015 0 001 O 009 O 03 221 354 03 159 0.74 1.67 0.96
La;O; 0.01 0.28 0.28 0.04 0.06 0.01 0.03 0O 0 0 0 0 0 0 0 0 0
Ce0s 0 0.56 0.03 0.22 0.28 0.09 0.11 0.11 0.04 0.15 0.17 053 0.21 0.14 0.23 0.15 0.25
Nd;O; 0.38 047 052 082 0.27 066 0.29 024 0.13 0.31 0.01 0.43 0.08 0.07 0.08 0 0.07
Yb,O;  0.03 0 023 0 009 019 O 0 0 036 009 037 021 0 021 O 0
HfO, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.03
TaOs 0.06 0 003 O 0 0 007 O 0 0 0 0 0 0 0 0 0
PbO 012 0.17 009 0.09 013 009 O 031 075 012 O 0 0 063 O 0 0
ZnO 0 0 0 0 0 0 002 0 002 nd nd nd nd 0 0 0 0
Al,03 323 0.16 162 025 049 285 634 011 003 nd nd nd nd nd 044 022 046
ThO, 481 635 544 627 619 451 275 520 535 330 14 219 128 066 0.57 059 0.18
uo, 0 0 022 084 21 019 045 184 145 114 364 39.0 39.8 36.8 26.3 49.1 157
Total 934 87.1 964 915 930 919 909 921 884 865 905 919 885 821 914 881 87.1
S, No. W32 W32 Wi1-7 Wi-4 w32 w32 W33 W3-3 Wi-4 Wi-4 W3-3 W3-3 W3-3 W33 W3-3 W3-3 W3-3
-C10 -C10 -C83 -C1-:3 -C5 -C5 -C2 -C2 -C21 -C24 -C4 -C4 -C6 -C6 -C6 -C6 -C6
depthm. 30 30 62 53 30 30 53 53 53 53 43 43 43 43 43 43 43
oxides brannerite coffinite uraninite pitchblende
Sio, 686 523 18 251 186 12.0 16.0 222 6.89 3.06 945 1355 4.08 4.69 356 4.31 1.05
P,Os 0.03 0.11 0.08 0.06 116 228 066 0.72 0.25 0.17 106 156 0.15 0.1 0.11 043 0.13
SO, 0 0 0 0 128 041 025 341 0.09 109 188 0.02 0 1.3 0.04 0.06 6.68
CaO 1.96 2 214 217 215 184 7.66 263 395 7.56 6.59 378 4.44 418 528 3.36 3.36
TiO, 282 414 451 3 026 028 02 017 147 11 063 24 0 0 0 0 0
MnO 009 019 049 036 001 0 162 014 081 069 044 044 0.12 004 0.17 0.08 0.13
FeO 1.6 114 21 3.04 228 106 459 336 11.65 469 366 102 192 398 158 047 6.51
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Continued
Y203 0.04 0 0 0 334 377 153 17 0 0 202 296 0.06 0.08 0.14 0.96 0.22
ZrO, 1.7 0.87 165 292 3 3.13 6.34 591 829 434 7.14 865 0.01 0 0.16 0.25 0.05
NbOs 399 441 1 083 013 01 182 151 199 208 229 212 0 0.03 0.34 048 0.08
SnO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
La,0Os 0 0 0 0 0.07 002 003 O 0 002 006 O 0.1 0.13 0.13 0.09 0.07
CeO; 03 028 045 0.13 028 026 0.17 009 029 021 03 026 05 05 045 054 052
NdO; 0.03 019 021 0 0.26 024 0.2 0 002 0 021 036 021 0.04 023 0.34 0.16
Yb,O; 0.01 0 0.1 0O 062 047 044 036 003 0 027 044 O 0 007 024 O
HfO, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TaOs 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PbO 0 0 0 092 0 0 034 036 213 116 235 0 0.73 0.69 038 0.15 047
ZnO 0.05 0 0 0 0 0 nd nd 0 0 nd nd nd nd nd nd nd
Al,O; 024 021 064 1213 199 049 nd nd 119 038 nd nd nd nd nd nd nd
ThO, 19 217 02 11 131 233 129 071 297 165 11 237 O 0 0 003 O
uo, 43.7 334 36.7 341 56.8 617 326 278 47.2 63.0 512 492 768 77.8 822 788 804
Total 90.7 917 926 858 935 904 758 711 89.2 912 905 89.1 89.2 936 94.8 90.7 99.9
Table 4. The main characteristics El Sela granite in the vicinity of the main shear zo
Borehole No. w1 W2 W3
Rock types 0-12m: wa}di'deposits. ' ' e 0-44 m: biotite'i e 0-43 m_:biotite_i
12 - 63 m: biotite #muscovite granite muscovite granite. muscovitegranite.
Hydrothermal biotite highly altered into ferrichlorite pennite), muscovitizatialijtization,
alteration sericitization, kaolinization and argillization.
Sulfides Pyrite, arsenopyrite, chalcopyrite, galena and sphalerite
Nt::':rri‘;i'nirr';;" Columbite, betafite, rutile, zircon Columbite, rutile, zircon rﬁtzgn;ﬁggﬁ?ﬁltjifriitg
REE-minerals Allanite, LREE carbonate Allanite Allanite
Th-minerals Thorite Thorite, phosphothorite with apatite Thorite
U-Th-minerals uranothorite
Brannerite, coffiite, uraniniteand e Brannerite, coffiite,
U-minerals pitchblende uraniniteand pitchblende
W1-4 and W17 samples at depth 53 e W3-2 and W33 samples at

and 62 m, respectively. depth 30 and 43 m, respectively.

gated, cylinder andike grains of reddish brown to blackish brown colors associatddzircon, fluorite, no-
nazite, uranothorite, and uraniniteigures 11(b)-(d)). The EMPA analyses indicate that the rutile has 0.39
8.48 wt% Fe0s;, 0.51 to 22.78b,03 andup to 2.7 wt.% Ta, 5.8 wt.% Th, and 1.57%1 (Table 3). It would

be interesting in which samples the highest concentration of each elessdmeen found to interpret the whole
rock geochemistry.

(=)
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Figure 10. Chondritenormalized REE patterns (normalization values are from
for the El Sela granite.

Zircon is generally included as idiomorphic dals igure 11(c)) variably enriched in hafniumréble 2)
(1.26 < HfO, < 10.87wt.%), UO, (up to 2.23wt.%) and ThQ up to (up to 1.22 wt.%)Similar Hf enrichment
has been observed in Rare Metal Granitet st atCinovec with 3 to 4 wéo HfO, [30].

Uranothorite crystals occur as brownish red and orange crystai®pis because of their metamictisation.
SiO, and ThQ (25.93- 42.2 wt.%) concentrationgre quite variable and analytical total are low due to the
strong metamictization of the crystgl§able 2). Uranium concentrations are low and frequently below the
EPMA detection limit {able 3 & Figure 11(g)).

Columbit [(Fe, Mn)(Nb,Ta, Ti)Oy4] occurs aglark gray toblack color, flattened, prismatiopassive subds
dral to euhedral cryswl(Figure 11(f)). The SEMBSE image and EPMA analyses shows that it is afesro
lumbite with7.59 wt.% FgO;, 11 wt.% TiQ, 9.76 wt.% MnO with minor amount of U and Th 0.75 and 0.2 wt.%
respectively, Table 2).

Betafite (Cal),(Ti, Nb, Ta),0s(OH) is detected under the SEBISE image igure 11(f)) as NbTi-bearing

()
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mineral occurring as subhedral mineral in the boreholes W1 and W3ahitva granite. The obtained results
confirm from a chemical analyses of the studied betafite minerals by SEM es)dlys major elements are i
cluded NBOs vary from (12.46 to 21.4%), TiQ vary from (13.26 to 45.9%), FeQrary from (1.9 to 8.3 wi),
Ta,Os reach 4.6 wt.% and MnO reach 1.24%t.It obvious that betafitbas higher U concentration reaches
22.5, 26.95 and 31.9 wt.% with lower content in-8/@3 1.14 wt.%.

Thorite, phosphothorite, uranothorite, brannerite, coffiniteninite and pitchblende have beieentified by
SEM and EPMA analyse$igure 11 & Table 3). Thorite anduranothorite igarein the El Sela granitelsut
phosphothorite wasbserved in the granites from tiiél and W2 drill holeThorite-group minerals form ewh
dral to subhedratrystals, black to brown colors and enclosed in biotite, quartprzaind monazitdBased on
SEM and EMPA analyses four types of thedm@up minerals can be distinguished; thoriterizn thorite, phe
sphothorite and uranothorifgigure 11(b), Figure 11(c), Figure 11(e); Table 3). The total of the analyses of all
these minerals is low (close to 90 wt% or lower) indiigatheir strong metamictisation and hydratidihnO,
contents in thorite vary from 20td 48.8 wt% and SiQ from 5.1to 33.7 wt% Table 3. SEM analysegeveal
locally Zr-rich thorite thewW;-1 and W-3 drill holes with 5 to 8 w6 ZrO,. The occurrence of thoriteithin
zircon crystal cores indicates a thorite analysis may htaovnated by the enclosing zircon crysithosplo-
thorite composition exhibitsa wide rangelafZr, Y, LREE, Ca and P contentgaple 4). ThO, varies from 27.5
to 63.5 wt.% P,0Os from 1.5to 15.1 wt.%, CaO vary from 2.6 to 12.95 wt.%0¥¢ vary from 0.8 to 3 wt.% and
SiO, vary from 8.7to 28.6 wt.%Table 3.

Uranothorite (U,Th)SiCQ, is interstitially associated with iron oxdd and/ofound as numerous subhedral to
anhedral inclusions in zircormhe EPMA analysesndicate thatUO, contents may reach 18.4 wt% angO¥
2.23 wt%composition of zircomp to 11.6wt.% Table 3.

Ti-U oxides are the most U minerals in the El Sela grafitesire 11(g) & Table 3). They generally form
aggregates along the periphery of pyriteor occur as pseudonmairfiisner Timinerals such as ilmenite arnid t
taniteEl Sela granite. The major elements composition is viaidiO, to 62.8 wt% and UQ rangefrom 15.7
to 49.1 wt%. Up to 9.32 wt.% Zr@may also be present. Brannerite is associated withnitarlong pyrite
crystals at depths 53 m and 43 m ardholes W1 and W respectively.

Uranium oxides occur in granites samples (W32, -3 and W14) as minute crystals filling micrfractures
and/or associated with pyrite, rutile and fluorite or vather Uminerals such as branneriteure 11(d), Fig-
ure 11(g)). ThO, content of uraninite vary from (1.1 to 3 wt.%), O contentfrom 1.16 to 2.35 wt.%, s
contents from 0.17 to 1.56 wt.% and Ca@ntents from 3.8 to 7.6 wt.%. Also, minor amounts of LREE and
Yare presenfTable 3). Under reducing conditions, uraninite may be altered to coffinitizatioh, lags of rad
ogenic Pb and Y with HREE31]. The variable amounts of SjGndicate Si diffusion in the structure along
fractures at the beginning of coffinitization.

EMPA analyses show the major elements are 8&0y from (11.98 to 25.13 w) and UQ vary from (27.48
to 61.73 wit%) correspond to the composition of coffiniteble 3 andFigure 11(h).

EPMA analyses show a wide variation of the pitchblende composition whichitexdny weak zoning and
occurs as botryoidally form or vein surrounded metallifides especially pyrite=(gure 11(i), Figure 11(})).
Most samples haveo Th or traces (up to 0.03 ¥4) Table 3 but significant contents of SiQup to 469 wt.%),
CaO (5.28 win), Y,0s5 (0.96 wt%), Zr0, (0.25 wt%), N,Os (0.48 wt.%), PbO (0.73%) and REE (0.30 wt.%).
Moreover the trace elements in pitchblende may occur in the form of minute inclugitersa( pyite, sphat-
rite etc.) or as amorphous mixtures such &,@45", Th* and REE* which have similar ionic size to that of
U*. The high FeO contents some samples (3.98 or 6.51%.is not attributed to substitution for U because
of the largedifference in atomic radii (&€= 0.64A; U*" = 0.97 A). It may corresport some inclusions such
as hematite and pyrite. The U camtefluctuate between 76.84 wt.% and 82.1%4nh relation withthe effect
of the substitutions of other elements. Silaontentsange between 1.05 to 4.69 Yst.

The granite from the El Sela shear zone area are enriched in the lightdens®Wb and Zr relatively to the
heavier isovalents Ta, Hf elements. The lower Zr/Hf ratio is in accordanceheiftresence of Kich zircons
(3 to 4 wt% HfO,) (Table 4).

7. Radon Mapping

Uranium exploration has been aided by the identification of radon anomalrethaearfacé32]. These ao-
malies can detect hidden uranium deposits that are too deep to be seen wmith g from the uranium

(=)
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daughtemroducts or with normal surface geochemical techniques, which analydermrar radium. Radon, a
relatively mobile gas, can originate from deeply buried deposits and gaseagseous movement to the-su
face can transport it where it can be readily detd33]. However a great care has to be taken in the interpret
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Figure 11. Representative bagcattered electron microscopy (BSEM)
images of different minerals from El Sela grani{@g.Pyrite, chalo-
pyrite, arsenopyrite and galer{d) Association of uranothorite, rutile
and pyrite.(c) Rutile along periphery of zircon with péphothorite.
(d) Uraninite enclosed between fluorite and ruthi). (€) Monazite
crystal enclosed thorit¢f) Nb-minerals (columbite and betafitdly)
Uraninite and brannerite along the periphery of py(hé¢.Pyrite su-
rounded by coffinite(i) Botryoidal pitchblende(j) Veinlet of pitch-
blende at the margin of pyrite crystals.

tion as radon emanations because it may migrate relativelpfarits source.
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Shear zones, faults and joints are the main conducts for radon emaratimsuarface especially for stru
ture controlled deposits. Radon anomalies can be detected over deégdlyusanium mineralization. At the
present time it is known that ore bodies at depths 8fnri@ 200m can generally be detected and that depth of
up to 300 meters are possible in very favorable circumstadées

Obviously, the cluster distributiomap of radon shows that the radon activity varies along shear zone over a
wide range that lies beaen 960 Bg/rhto 300,300 Bg/rh (Figure 12). The distribution of radon activity
3D-image map Kigure 13) shows cledy that the radon emission is heterogeneous along shear zone with about
seven strong anomali€sigure 13). The largest of these anomalies, which is located on the eastern side of the
study area occupies large area of at®@ nf andreaches a radon activity ast 296,000 Bg/m In the west
direction another anomaly with a smaller extengiogsents the highest radon activity from the study area with
300,300 Bg/mi This anomaly is characterized by the existenoésitle surficial uranium mineralization that is
represented by uranophane and autunite.

The western part of the study area is occupied with an anomalsirapaa area of medium intensity between
the two previous two anomalies but the radon activity is up to half their valuels istdpproximately 150,000
Bg/m®. In the middle of the study area there is a small radon dpoezhes about 200,000 Bdim

8. Geophysical Signatures of Sela Geologic Cross-Sections

The variations of K, eU and eTdoncentrations and their ratios, beside the \AW and magnetic data areutl
strated along two cross sections nearly perperatitalthe Selahear zone as shownfhingure 14 & Figure 15.
Potassium reached itsghiest values @ * 1%) in two mica granites and decrease abruptly in the shear main
zonewith less than 0.5%. The eTh variations reflect corgrastween the biotite granite and the twizca ga-
nite. The biotite granite produces some of the highest eTh values (up to 5@mprexhibits strong internal
magmatic zonation. The twmica granite tends to have lower Th concatidns. The lowest values 3ppm)
occur in the shear zone. eU profile is mainly characterized by one anorathyl el the shear zoaad reah-
ing >600 ppm. The remaining rock units in the study area show low uraniummuatioss (1 to 20 ppm), but
with three small anomalies which coincide with thoriumraalies. The shear zone is also logically charact
rized by high eU/eTh and eU/K ratios (up to 7 and 90). Field investigatimesshawn that uranium has been
strongly concentrated along fractures. Uraninite has been located thlmgargins and discrete radioactive
sourcesln case of the twanica granites, there is no appreciableateon in eU versus eU/eTh ratio. This ind
cates that uranium in initially as uraninite in the twoanjranite; U may have been leached by weathering in
the surface samples which are analyzed by gamma spectrometry. The coinkidadtT anomalies withithe
biotite granite, may indicate-Wh minerals refractory to weathering.

The VLFEM profiles Figure 14 andFigure 15) show a marked increase of conductivity directly over the
shear zone indicating vertical steeply dipping sources. The VLF survey does not allow diffiaxtérg the bie
tite granite from the twanica granite. The location of the VLF anomaliso correspond to a stronggsitive
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magnetic anomaly for the first profile passing through the W1 and WadlHds, probably caused by thena
prophyre which may have high magnetite content. Immediately toa$ieoEthe magnetic high, there is a sharp
magnetite low which may correspond to a strongly oxidized zbthe gouthern margin of the Sela Shear Zone.
In the second profile passing thgtuthe drill hole W2, above the Sela shear ztime conductivity high ae
respond to the opposite of the preceding profile to a low in thenatghetic field, narrower than the conducti
ity high. Such a low magnetic field should correspond to a zonetherfeeTi bearing minerals have beeni-ox
dized or pyritized. A similar total magnetic field low is observethtosouth of the Sela shear zone covered by
sand, but is not associated with a conductivity high this indtbateausative body is located at depth more than
30m where the sense detection of VLF technique. The magnetic fielchevgranitic rocks and the wadi $ed
ments is characterized by low magnetic signatures.
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9. Discussion and Conclusion
9.1. Uranium Fertility of the El Sela Granite

The ElSela granite complex is composed of biotite and biotiteuscovite granites. The three sampiéslrill
holes have only intersected thietite £ muscovite granitesseochemically, the El Sela granit® very leuc-
cratic, metato slightly peraluminows andenriched in large ion lithophile elements (LILEEa, Rb and Sr), high
field strength elements (HFSE, Zr and Nb), light rare earth efents (LREE) mostly hosted in allanite, Th
mostly hosted in uranothorite and allarared uranium partly hosted in magmatic-Aémring uraninite, but ra
tively poor in Ta, Sn, Be and heavy rare earth elements (HREE). Mostnothtnee anegative Eu anomaly.
Their characteristics correspond to those ofty granites (higk cacalkalinegranites.

During most geological processes the chondritiosatf the isovalent elements Nb/Ta (34.2.3) and Zr/Hf
(17.6% 1) are constari84]. However Nb ad Ta can fractionate in peraluminous magmas because of the higher
solubility of Ta (tantalite) relatively to Nb (columbjten such melt§35]. Nb-Ta, NbTi rich minerals are re
presented by columbite and betafite.

The Th/U ratios of the El Sela granites vary from about 6, indicatiagium leaching, to 0.8 indicating late
magmatic and/or hydrothermal enrichmeéhsamples have Th/U ratios below 2 indicating thagmatic or #-
drothermal Uoxides may be present as the maibéhring mineralsTh-bearing uraninite has been identified in
two samples (W-b3 with 15 ppm U and 23 ppm Th and W3 with 25 ppm U and 20 ppm). Uraninite may
have been present in other shallower samples but may have bdwlbgdydrothermal and/or meteoric fluids.
The presence of uraninite in the El Sela granite indidhgg it can represent a good uranium source, even if
uranothorite was not sufficiently metamict to liberatanium atthe time of the circulation of the hydrothermal
fluids.

9.2. The Hydrothermal Ore System

Two ses of structures are observed in the El Sela graaitetajor EW to ENEWSW shear zone and-8l to
NNE-SSW set of fault associated with different typesaftemporaneous magmatic injections. These structures
are reactivated several times in association with succession flaidationsleading to the deposition of a series
of quartz generations and U mineralization.

The main shear zone at G. El Sela éntting ENEWSW and steeply dipping from 76 85 to the south.
This trend has been reactivated many times by NB8E extensional stress fieltbwever to know that aed
tailed structural study would be necessary. Thesstfield may be transtensional wipening of tension gashes
filled by the microgranite in the eastern part of the shear anddilled by microgranite and dolerite dikes with
white quartz and reddish to black jasperoid veins.

-

-\&\

The main shear zone is affected by hydrothermatatibn as ferrugination, silicification, albitiati, epsyeir
tization, illitization and fluoritization with timineralization as hexavalent U minerals visible at the surface. The
N-S strike slip sinistrafault crosscut the ENEWSW shear zone main trend. The width of the mineralized part
of the shear zone varies from 3 to 40 m and is developed d¢eegth of 1.5 km but reached 6 km in the east of
G. El Sela area.

One of the aims of the present studyoislétect Umineralization in the drilled core samples and atsmen-
tify the depth of the reduced zone where the primary hydrothermah®€ralization may be present.

The continuation of the uranium mineralization at depth is evidenced by ttie Hieh Survey along thel
Sela main shear zone with radon emission from 960 tBG0@®q/.

They-ray spectrometric profiles acrofge Sela shear zone indicate the strong increase of eU and, eld&Th
eU/K ratios and a decrease of eTh and eK anomaly itiarelaith the enrichment of the shear zone in quartz.
The strong direcincreaseof eU/eTh ratio is typical ofiydrothermal uranium enrichment with no mobility of
Th.

The VLFEM profiles show marked high positive conductivity correlated withshear zoneithin the ga-
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nitic body, indicating higher fracturation and clay mineral content of thar stome. The magnetic profile gas
ing through W1 and W3 shaxlearly an increase of total magnetic field above the El Sela shear zore ass
ciated with a magnetioW at its southern margin. To the opposite the magnetic profile passing thraugh W
showed only a strong magnetic low above the El Sela shear zone. Thetefassaciation of spectrometric,
radon, magnetic and electrical conductivity anomalies for the Sela shear zaheidtdifies the uraniura-
nomalous zones which can be selectedrfore drilling.

The occurrence of dxides along the margin of the pyrite crystalay indicate that they havéayed a role
on the reduction of & from the uranyl ion Y03") dissolved in the hydrothermal fluids intd*Wvhich precigp-
tates as, brannerite, coffinite and pitchblende. Phstémdhigrate outside theanium minerastructure[36]. In
the present study Pb released froroxidescommonly forms galena.

The occurrence of brannerite indicates a first phase of U remoloitizatirelatively high temperature, bra
nerite being stable above 280D- 300°C. The U-oxides are also locally altered to coffinjfel]. Pitchblende o
curs as botryoidal form or vein deposited onpyrite
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